Carbon nanotubes (CNTs) exhibit unique structural, mechanical, electrical, and thermal properties as well as their nanometer scale and high aspect ratio, which make them an ideal reinforcing agent for fabricating high strength polymer composites. 
INTRODUCTION
percents (wt %) of CNTs [1] [2] [3] [4] [5] [6] [7] [8] [9] . Nevertheless, it is also found that there are some undesirable issues due to their waviness [10] [11] [12] [13] , inert , non-reactive surface 12, 14, 15 , and highly agglomerated state 10, 14 , resulting from high van der Waals attraction, that may hinder the potential application of CNTs.
To overcome the obstacles mentioned above, functionalization has been suggested in various studies [15] [16] [17] [18] [19] [20] . The functionalization of CNTs is an effective way, due to the fact that it does not only generate strong interfacial interactions, which improve the load transfer across the CNT-polymer matrix interface, but also induce better compatibility between CNTs and the polymer matrix. An excellent survey of the research studies on the mechanical and electrical properties of functionalized CNTpolymer composites has been recently carried out by Sahoo et al. 21 .
For the typical functionalization process, functional groups such as -COOH or -OH are created on the CNTs during the oxidation using oxygen, air, concentrated sulfuric acid, nitric acid, aqueous hydrogen peroxide, and acid mixture 22, 27 . In recent years, Amino-functionalization has been developed. Amino-functionalization effects the surface, interfacial, and dispersion properties of CNTs. In a study done by Ma et al. 28 mechanical properties of the CNT/epoxy composites were investigated. Garg et al. 29 reported an increase in the flexural strength of amine functionalized CNTsreinforced epoxy composites from 55 to 140 MPa (~155% increase) at only 0.3 wt.% of CNTs.
In order to improve the precision in prediction of mechanical properties of nanocomposites, some corrections were performed by several research groups during the last decade. To take into account the agglomeration effects, a modified form of the Halpin-Tsai equation was presented by Park and Bandaru [30] . Mechanical properties of high density polyethylene composites reinforced with CNTs were presented by Kanagaraj et al. [31] . They employed both the Halpin-Tsai model and the modified form of the rule of mixture model to make a comparison between theoretical and experimental results. The effect of waviness of CNTs was considered through applying a correction factor to the modified Halpin-Tsai equation by Arasteh et al. 32 . Omidi et al. 33 modified the rule of mixture model by adopting a length efficiency parameter, orientation efficiency factor, and waviness parameter to properly predict the mechanical properties of CNT/polymer composites for both low and high wt % of CNTs.
In this paper, a possible procedure is proposed, in order to enhance the mechanical properties of polymer composites by utilizing carboxyl and amino functionalized multi-walled carbon nanotubes (MWCNTs). The effects of functionalization on the MWCNTs dispersion, wettability with polymer matrix, and the mechanical properties of MWCNT/epoxy composites were studied. It was demonstrated that surface modification has a significant effect on MWCNTs dispersion and reduction of the interfacial debonding between MWCNTs and the matrix. The mechanisms behind the improved properties of composites using functionalized MWCNTs were specifically studied. A particular emphasis was placed on applying a correction factor to the HalpinTsai equation, which was considered as the effect of interfacial debonding between MWCNTs and the matrix.
EXPERIMENTAL

Materials
The MWCNTs were embedded in a commercially available thermosetting bisphenol epoxy resin containing reactive diluent, LY564/ HY56, which had a low viscosity and was prepared from Ciba Geigy.
MWCNTs and their functionalized counterparts, produced by chemical vapor deposition (CVD), were purchased from Research Institute of Petroleum Industry (RIPI). The MWCNTs were characterized by an average outer wall diameter of 10-50 nm and an average length of 1-3 µm with a carbon purity of 96%.
Functionalization of MWCNTs Ozonolysis of MWCNTs (MWCNTs-COOH)
One hundred milligrams of MWCNTs were ozonized under ozone stream at room temperature and atmosphere condition for 4 hours. The production of MWCNTs with a high content of carboxyl functional groups was achieved using hydrogen peroxide as a cleaving agent to treat the as-ozonized MWCNTs. Specifically, ozonized tubes were refluxed for 1 hour at 60°C in 36% H 2 O 2 aqueous solution and then the mixture was stirred at room temperature for 16 hours. Subsequently, the mixture was filtered over a 0.2 ìm polycarbonate membrane, washed with a large excess of methanol, and ultimately oven dried at 100ºC. Fig.  1(a) shows the Fourier transform infrared spectroscopy (FTIR) of carboxylated MWCNTs, which peaks at 1704cm -1 , 1206 cm -1 , and 1079 cm -1 corresponding to C=O, C-O-C asymmetric, and CO-C symmetric stretches, respectively. These peaks indicate successful generation of -COOH groups on the CNTs.
heating the materials. The epoxy resin and hardener were mixed at a weight ratio of 100:30. Subsequently, the mixture was stirred with highspeed dispersant under 900 rpm for 15 min. The mixture was then cast into a metallic mold and cured at 50°C for 15 hours. The prepared composite samples were then mechanically polished to form smooth surfaces. Another thermal curing procedure for each sample was conducted at 100°C for 4 hours to achieve higher mechanical properties of the MWCNT/epoxy composites. Fig. 2a shows a typical transmission electron microscope (TEM) image of MWCNTs.
Characterization and measurements
In this study, we have used the capillary method for measuring the surface energy of a liquid epoxy. In this method, it is possible to determine the surface energy by detecting the "capillary rise" of a liquid forming a bubble in a fine tube and drawing the bubble to fracture. Practically, in each experiment the surface energy was measured by placing a capillary tube in to a beaker containing 25 ml epoxy and measuring the liquid level which rises above the normal level in the beaker and knowing the fact that the elevation of the liquid is a function of the surface energy. It is worth mentioning that, this issue happens whenever the cohesive forces between the liquid molecules are weaker than their adhesion to the wall of the capillary tube. In order to reach reliable data, the liquid was kept in a constant temperature and all the tests were taken three times. Contact angles between the CNT films and the epoxy resin (LY564) were measured in order to investigate the changes in surface energy and wettability. In order to prepare MWCNT thin films, at first for reaching a good dispersion a solution of MWCNTs/2-propanol with a concentration of 0.2 mg/ml was dispersed for 45 min using a tip sonication. In the next step, the dispersed solution was filtered by a cellulose filter with a pore size of 0.1 µm 28 . Sessile drop method was used for measuring static contact angles between MWCNT/ films and the epoxy samples. Also, a syringe was us to make sure that each drop is squeezed on the surface carefully. After 10s, when the drop settles slowly on the MWCNT/ film, an image was taken by a camera and the image was carefully analyzed and the best-fit circle to the contact border of each drop was calculated using 69.2 ± 3.3 40.6 ± 2.4 51.1 ± 2.8
Amidation of carbon nanotubes (MWCNTs-CO-NH-R)
Twenty milligrams of the oxidized nanotubes were dispersed using sonication in 10ml of DMF and 100 milligrams of ethylenediamine. One milligram of the coupling agent HATU was added to the mixture and sonication continued for 4 hours. Then the mixture was refluxed at ~70 ºC for 2 days in N 2 atmosphere. The obtained mixture was diluted with methanol and filtered through polycarbonate filter paper and then the product was washed with ethanol to remove excess amine. The product was dried in an oven at 70 ºC for 24 hours. Fig. 1 shows FTIR spectra for the prepared samples. In Fig. 1(A) , spectrum of carboxylated MWCNTs, peaks at 1704, 1206, and 1079 cm -1 correspond to C=O, C-O-C asymmetric, and C-O-C symmetric stretches, respectively. These peaks indicate successful generation of -COOH groups on the nanotubes. The peak observed at 1650 cm -1 (in Fig. 1(B) ) is associated with the C=O bond. It means that the C=O frequencies shifted from 1704 cm -1 in MWCNT-COOH to 1636 cm -1 in amidofunctionalized MWCNTs. The existence of vibration modes corresponding to -C-N-at 1297 cm -1 and -N-H at 1507 cm -1 indicate the formation of the amide bond ( Fig. 1(B) ).
Preparation of the MWCNT/epoxy composite specimens
MWCNTs were initially dispersed into a hardener by tip sonication for 30 min to achieve a good dispersion. The sonication process was carried out in pulse mode and sonication power was adjusted at 60% amplitude to avoid over-an image analyzing software (image analyzing 1.33). For achieving valid data, all tests were repeated five times and an average of five reading was plotted. It is observed from Young equation that the contact angle á is related to the characteristic surface energies of different interfaces among MWCNT/ film (f), epoxy matrix (m), and air (a) systems 35 .
Owing to the fact that the two solid (Γ f ) and solid-liquid (Γ fm ) surface energies can be determined when two liquids with known components of surface energies were used in the contact angle measurements, we have employed water as probe liquids in this study. The solid (Γ f ) and solid-liquid (Γ fm ) surface energies are 50.7 and 22.1 mJ/m 2 28 , respectively.
Based on the ASTM D 638 (Type I), uniaxial tensile tests were performed at room temperature using Zwick Roel/Amsler under a crosshead speed of 1 mm/min. The dimensions of the specimens were 168 mm in length, 13 mm in width, and 5 mm in thickness. Samples without MWCNTs addition (matrix samples) were also fabricated for comparison purposes. To achieve more reliable experimental results, five samples were fabricated and tested for each wt. % of MWCNTs.
RESULTS AND DISCUSSION
Wettability and surface energy
The results for the measured static contact angles of different probe liquids on MWCNT films are reported in At first, it was necessary to measure the 
Morphology of tested MWCNT/epoxy composites
Scanning electron microscopy (SEM) was employed to observe the fracture surface of the samples after tensile test. Fig. 2b shows SEM micrographs of fractured surface of the pristine epoxy LY 564.
Studying the SEM images, fig. 2(c-e) , made it possible to examine the fracture surfaces of fully cured composites, in order to compare the dispersion states of MWCNTs. The sample containing P-MWCNTs presented clear CNT agglomerations ( fig. 2c) . However, samples containing amino-MWCNTs did not demonstrate such agglomerations (fig. 2d) . From the previous results, it can be concluded that (i) the functionalization had a considerable effect on improving the dispersion of MWCNTs and (ii) even after fully curing the epoxy resin the enhanced dispersion of MWCNTs remained stable. In addition, studying the SEM images ( fig. 2f ) proved long MWCNT pull outs, and indicated the presence of voids on the fractured surfaces of the composites containing P-MWCNTs. The mentioned results suggest weak adhesion in the P-MWCNT-matrix. However, complete opposite results were observed in the case of functionalized MWCNTs, which can be due to the covalent interactions in the functionalized MWCNTs matrix that has caused strong adhesion. Increasing MWCNTs in the composites containing P-MWCNTs resulted in a rapid growth in the Young's modulus of these composites. Composites containing functionalized MWCNTs (both carboxyl-MWCNTs and amino-MWCNTs) at the same MWCNT content, also presented a significant increase in the Young's modulus, but with a more pronounced growth. Moreover, the tensile strength of composites containing functionalized MWCNTs presented higher amounts than P-MWCNT counterparts. The previous results could be because of the combination of better MWCNT dispersion and stronger filler-matrix adhesion resulting from the functionalization. Farther experiments indicated that in composites containing P-MWCNTs the Young's modulus and tensile strength degraded above 0. 5 wt.% of MWCNT contents, while the strength of composites containing carboxyl-MWCNTs and amino-MWCNTs showed a 0.23% enhancement, resulting from the improved interfacial interactions between the functionalized MWCNTs and the matrix.
Between carboxyl-MWCNTs and aminoMWCNTs, composites containing amino-MWCNTs presented a greater enhancement in the Young's modulus and tensile strength. This difference was true, up to the MWCNT content of 0.75 wt.% MWCNTs. According to the mentioned observations, it can be concluded that amino-MWCNTs have a more decisive effect on improving mechanical properties of composites in comparison with carboxyl-MWCNTs, especially at high MWCNT contents.
The first reason of the enhancement in mechanical properties of MWCNTs/epoxy composites could be the interfacial reactions which take place between the MWCNT surface and epoxy resin. The oxygen groups on the surface of carboxylMWCNTs create hydrogen-bridge bonds with the epoxy upon oxirane opening. Although, covalent bonds are stronger than hydrogen bonds, these hydrogen bonds have a significant positive effect on increasing the interactions between the MWCNTs and polymer matrix, resulting in a great improvement in the mechanical properties of a composite. On the other hand, in amino-MWCNTs there are nitrogen-contained functional groups (both primary and secondary amines) which react with the epoxide groups of the epoxy resin and increase the viscosity of the system with starting the ring-opening reactions followed by crosslinking reactions 36 . As a result, the strong interfacial adhesion facilitates the efficient load transfer between the matrix and MWCNTs, resulting in a considerable improvement in the mechanical properties.
of the matrix, modulus of the fiber, and volume fraction of the fiber, respectively. In addition, K w is the waviness correction factor, which can be expressed as 31 :
In which a is the amplitude and w is the half-wavelength of a curved CNT (Fig. 5a ).
According to the experimental results reported in the literature, in addition to the above parameters, the interfacial debonding between CNT and the matrix is another important parameter that influences the reinforcing efficiency. It can be seen that a fully debonded CNT does not carry any load; they simply play the role of voids. To take into account the debonding effects, the modified HalpinTsai equation is presented as below. It is necessary to note, the influence has not been much quantitatively discussed in the literature. 
Where K d is the debonding factor which can be expressed as:
Hence, Eq. (1) can be modified as follows: Characterization and modeling of the mechanical properties of functionalized MWCNT/ epoxy composites The dependence of mechanical properties of polymer-based composites on the CNT volume fraction, shape factor, and waviness correction factor can be estimated by modified micromechanical techniques, including Halpin-Tsai method 31 and modified series model 32 . An equation which is often used for modeling the mechanical behavior of reinforced composites is the HalpinTsai equation as given in equation (2).
In which C = 2(l/d) is a constant shape factor related to the aspect ratio of reinforcement length l and diameter d, and á is the orientation factor which has been founded by Later on Cox 37 . For the random orientations in two dimensions α =1/3, and for the random orientations in three dimensions α =1/6; E M ,E NT , and V NT are the modulus It is necessary to emphasize that for modeling the tensile strength of composites, equations similar to 2-6 can be written. A TEM image of MWCNTs (Figure 2a) illustrates that waviness of the MWCNTs is rather high. The waviness factor, K w , was obtained through geometrical analysis of the TEM micrographs, as depicted in Figure 2a . It should be noted that K w was calculated from a statistical approach. To calculate K w , a and w should be measured first. After a random selection of a certain number of carbon nanotubes in a TEM image, a and w were measured precisely by image processing. Using the average values of a/w, Kw was calculated from Equation (6) . According to the analyzed data, K w is estimated to be 0.4.
As shown in Figs. 6a and 6b , the best fit of the Young's modulus (E c ) and tensile strength (S c ) to the MWCNT volume fraction indicated a value of K d = 0.75 for the carboxyl functionalized MWCNT based composites, whereas K d was calculated to be 0.55 for pristine MWCNT polymer composites. On the other hand, a fit for amino functionalized MWCNT based composites was obtained with K d = 0.9, which implies that debonding effects were further reduced in these materials. These values completely agreed with theoretical predictions. As mentioned before, covalent bonds between amino functionalized MWCNTs and epoxy groups of polymer could be responsible for the diminished deboning effects; however for carboxyl functionalized MWCNTs, hydrogen bonds are responsible for this issue.
In addition,the results coming out from equation (6) have been compared with an experimental data available in the literature for composites containing MWCNT fillers. In Fig. 7 , an interesting comparison is made for maleic anhydride (MA) functionalized MWCNT-Epon828 composites 34 . As shown in Fig. 7(b) , the waviness parameter, K w , can be estimated as 0.5.
It can be deduced from Fig. 7 (a) that our predictions are almost coincident with Tseng et al. results 34 when the debonding parameter, K d , is equal to 0.55 for pristine and 0.90 for MA functionalized MWCNT /epoxy composites. 
CONCLUSIONS
The effects of MWCNTs functionalization on the dispersion, surface energy, wettability and mechanical properties of MWCNT/epoxy nanocomposites are investigated. It is demonstrated that surface modification significantly enhanced hydrophilicity and wettability of MWCNTs with epoxy resin. It is found that functionalization treatment also improve MWCNTs dispersion and reduction of the interfacial debonding between MWCNTs and the matrix, resulting in enhanced mechanical properties of MWCNT/epoxy composites compared to those containing pristine MWCNTs. It shows that strong correlation exists between the functionalization, dispersion and wettability of MWCNTs and the mechanical properties of MWCNT/epoxy composites and functionalized MWCNTs is a promising reinforcement for the epoxy materials. Since the interfacial debonding between MWCNTs and the matrix is effective parameter in mechanical properties of MWCNT/epoxy composites, a HalpinTsai equation was modified using the debonding correction factor (K d ). The present modified model can be easily used to predict the Young's modulus and tensile strength of the tested composites. Furthermore, a few comparative studies were performed with literature data to demonstrate the validity and accuracy of the proposed prediction model.
